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Abstract. The implementation of a comprehensive toolbox for generating microstructure
models of periodic random particulate materials is outlined. ©— The toolbox provides the
functionality to create random configurations of overlapping or non-overlapping spherical particles
with user-defined minimum inter-particle centre-to-centre distance and periodic boundary and
export these random particle configurations for use in numerical simulations, either as lists of
particle centre coordinates and radii or as Python-based scripts for generating solid geometric
models or periodic hexahedral meshes (‘voxel meshes’). The random particle configurations
can be used as microstructure models to investigate or predict the microstructure-property
relation of various engineering materials such as particle-reinforced composites, structural alloys,
(partially-)sintered ceramics, powders, porous media or granular matter, as demonstrated by
several examples. The outlined toolbox is open-source, giving users the possibility to modify and
adapt the code to suit specific needs.

Keywords: particulate microstructure modelling, inhomogeneous materials, periodic boundary,

numerical simulation

1. Introduction

With emerging scale-bridging simulation approaches, microstructure modelling has
rapidly gained in importance in materials science and engineering. Detailed
microstructure models provide a key tool for investigating the microstructure-property
relation of current engineering materials and have successfully proven their potential for
materials design and optimisation [1, 2, 3].

Microstructure model generation has to be robust and adaptable to a broad range
of material microstructures and simulation approaches. Consequently, microstructure
models. are frequently created by combining simple geometric objects, which can
conveniently be described by parametric equations, using Boolean operators. This
approach permits computerization and yields models that provide adequate levels of
detail to capture relevant microstructural characteristics.

The focus of the present paper is on the representation of random particulate
microstructures. Both two- and three-dimensional particulate microstructure models
have found wide application in materials science and engineering for the estimation
of effective elastic [4, 5, 6, 7, 8], thermal [9, 10, 11|, electrical [12, 13| and coupled
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[14] material properties, for the numerical analysis of pore flow and permeability
[15, 16], acoustical [17] and optical [18] characteristics, or for the simulation of powder
compaction [19], particle sintering [20], metal forming [21] and additive manufacturing
processes [22]. In this context, particulate models have been used to represent the
microstructure of a diversity of materials such as alloys [17, 19, 21], metal matrix
composites [9], polymer matrix composites [5, 14] or ceramics [4, 6, 23].

The present paper outlines the implementation and functionality of MOTE3D,
a toolbox for the generation of three-dimensional models of randem . particulate
microstructures. MOTE3D, which was written in GNU Octave [24], is open-source and
platform-independent. User interaction with MOTE3D is realized through graphical
user interfaces.

MOTE3D employs a modified Random Sequential Addition (RSA) scheme to
generate random configurations of overlapping or non-overlapping spherical particles.
It is worth noting that more powerful and efficient algorithms for positioning spherical
particles are available [25, 26, 27]. An in-depth discussion on the characteristics of several
algorithms can be found in Torquato (2002) [28]. However, the algorithm implemented
in MOTE3D was chosen because it is robust andsimple and, therefore, can be easily
modified to suit user needs.

The paper is structured as follows: first, a brief description of the modelling
approach underlying MOTE3D is given. < Then, the implementation of MOTE3D as
well as its relevant input parameters and output formats are explained. Finally, some
examples are described to illustrate potential applications of MOTE3D.

2. Modelling approach

MOTE3D generates random particulate microstructure models with periodic boundary
by randomly positioning spherical particles in a cubical computational domain. The
algorithm underlying particle positioning is based on a modification of the classical
Random Sequential Addition (RSA) scheme. For spheres in three-dimensional Euclidean
space IR?, the classical RSA scheme was described by Widom [29]: within a predefined
domain  C IR?, arandom point p; that represents the centre of a sphere with radius
r; is generated. Then, at a second random point p;, another sphere with radius r; is
added. If the two spheres overlap, the position p; of the latter sphere is rejected and a
new random poeint py is generated. These attempts continue until the relation

1P < prll = (ri +7%) (1)

is satisfied, i.e. the sphere with radius r; can be placed inside the domain 2 without
overlapping the previously positioned sphere with radius ;. In a sequential process,
additional random points are generated and further spheres are added without overlap
until the predefined number n of spheres has been reached.

The classical RSA scheme represents a simple and robust approach to the generation
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of random, non-clustered configurations of spheres. The resulting packing density n of
the spheres, which is closely related to the porosity ¢, is given by

n= Y tert=1-0 ©)

where Vi, denotes the volume of the domain 2. It is well known that, due to.the
random generation of potential sphere centres, the packing density n achievable by RSA
is limited. Several studies have reported estimated packing density limits of around
n ~ 0.385 or ¢ ~ 0.615 for mono-sized spheres [27, 30, 31]. In practice, the achievable
packing density depends on the number of positioning trials or execution time of the RSA
computer implementation [27, 32]: with increasing numbers of successfully positioned
spheres, the unoccupied space within €2 gets smaller, and the probability of finding
admissible sphere positions decreases.

In order to be able to generate periodic particulate mierostructure models covering
a broad range of porosities ¢ within reasonable computational time, a modified RSA
scheme was implemented in MOTE3D, the principal modifications being:

e the introduction of a predefined list of diameters from which the particle diameters
are to be taken,

e the addition of the possibility to sort the list of diameters to assure that large
particles are positioned first,

e the duplication of each sequentially generated particle protruding from the domain
(2 to assure geometric periodicity of the resulting microstructure model,

e the additional translation of particle centres towards their nearest neighbour in
order to slightly increase the packing efficiency and

e the admission of partial overlap between adjacent particles by introducing a particle
overlap factor 0 < ¢ <1, which defines the minimum acceptable distance between
two particle centres; in order to reproduce the microstructure of (partially-)sintered
particles or to create particle reinforcements for composite-type microstructures by
selecting ¢ > 1.

It is worth noting that these modifications to the classical RSA algorithm might
introduce some bias with regard to the distribution of the particles in the resulting
microstructure model. After model generation, it is therefore advisable to perform
further statistical analyses in order to determine whether the generated microstructure
model isan adequate representation of the material to be modelled.

In summary, the modified RSA algorithm yields a set P of random position vectors
p;, which mark the centres of n spherical particles with corresponding radii r;,

P ={pi € R*||p; = pjll = c(rit7))5 4,5 =1,.om; i # j; ¢ > 0}, (3)

The minimum acceptable distance between any two adjacent particle centres in P
corresponds to ¢ times the sum of their radii.
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3. Implementation

3.1. Basic structure

The basic structure of the MOTE3D toolbox is shown in Fig. 1. Three main parts
can be distinguished, namely the specification and generation of input parameters, the
actual generation of the random particulate microstructure model and the export of
the microstructure model. Each part and its core routines are outlined in the following
sections.

3.2. Input parameter specification

After launching MOTE3D, the user is requested to specify the following input parameters
via an input dialog box:

e the edge length of the cubical computational domain €2,
e the number n of spherical particles to be positioned within €2,
e the mean and the standard deviation of the particle diameter distribution,

e the particle overlap factor ¢ that defines the minimum acceptable distance between
adjacent particle centres,

e the maximum number of trials MOTE3D may make to position the n spherical
particles within €2,

e an indication whether the list of particle diameters should be sorted,

e an indication whether graphical output of the generated microstructure is desired.

MOTE3D then generates a random distribution of particle diameters. By specifying
the mean and standard deviation of the distribution, the diameters of the spherical
particles can be controlled: settingthe standard deviation equal to zero causes MOTE3D
to create a list of n mono-sized particles, defining non-zero values for both the mean
and standard deviation yields a list of n normally distributed particle diameters. With
minor modification of the code it is also possible to import a list of particle diameters
in order to realise'skewed or multimodal particle diameter distributions, cf. Section 4.2.

During particle positioning, the values stored in the list of particle diameters are
sequentially assigned to the randomly positioned particle centres in the domain €2, as
described in Seetion 2. The sorting option enables sorting of the list of particle diameters
in descending order to assure that large particles are positioned first.

After.completion of particle positioning, it is optionally possible to plot the resulting
microstructure, as illustrated with the example shown in Fig. 2(a). It is, however,
pointed out that the creation of such plots might be time-consuming for large numbers
of particles.
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Figure 1: Flowchart of the process for generating random

particulate microstructure models.
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3.3. Microstructure model generation

To generate a random particulate microstructure model, the modified RSA scheme
described in Section 2 is executed until the predefined number n of spherical particles has
been placed inside the computational domain €2 or the maximum number of positioning
trials has been reached. In the latter case, n will be updated with theactual number of
successfully positioned particles.

Each particle addition requires the evaluation of the nearest-neighbour inter-particle
centre-to-centre distances to check whether the newly added particle overlaps with any
previously positioned particle. For mono-sized particles, the evaluation of the inter-
particle centre-to-centre distances is straightforward, because only the distance between
the newly added particle and its immediate neighbour is required: if the newly added
particle does not overlap its immediate neighbour, it cannot overlap any other particle if
all particles are of the same diameter. For particles with randomly distributed diameters,
however, overlap might occur even if the centre-to-centre distance between the newly
added particle and its immediate neighbour is sufficient. Consequently, in this case, the
distances between the newly added particle and all surrounding particles have to be
verified.

If an overlap larger than the predefined limit is detected between the newly added
particle and a previously positioned particle, another random position is generated. If
no overlap is found, or the overlap is below the predefined limit, the centre of the newly
added particle is translated towards its nearest neighbour according to the particle
overlap factor ¢. Additionally, a particle. is placed on each vertex of {2 to facilitate the
assignment of (periodic) boundary cenditions for finite-element analyses.

After completion of particle positioning, the generated microstructure model is
evaluated statistically with respect to the actual number n of successfully positioned
particles, the mean and standard deviation of the actual particle diameter distribution
and the minimum, maximum and mean nearest-neighbour inter-particle centre-to-centre
distances. The coordinates of the particle centres and the corresponding particle radii
are stored in the text files ‘Positions.txt’ and ‘Radii.txt’, respectively. The user-
defined input parameters, as well as the statistical information about the generated
microstructure model are reported in a text file named ‘Statistics.txt’.

3.4. Microstructure model export

MoTE3D provides an export option that allows to use the generated particulate
microstructure model with the commercial finite-element software Abaqus [33] or similar
preprocessors. To this end, the model geometry is converted and stored as a Python-
based [34] script readable by the Abaqus preprocessor. Two output formats are
selectable by the user, as described in the following.

One possible choice is to export the generated microstructure model as geometry
input script (‘Abq_input_script.py’).  If this script is executed in the Abaqus
preprocessor, a solid geometric model of the microstructure is re-created by sequentially
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generating the individual particles via revolution of the particles perimeter’s sketch in
the x-y-plane and re-positioning the particles according to their z-coordinate in the
Abaqus assembly module, followed by merging of all particles to one part. Each particle
is, by default, partitioned at three orthogonal planes to facilitate merging and meshing
of the particles, however, this operation can be easily commented out in the input
script. Particles that protrude from the predefined domain €2 are clipped respecting
the requirement to preserve geometric periodicity in order to obtain a part with plane
surfaces ready for mesh generation, cf. Fig. 2(b).

(@ (®) ©

Figure 2: Exemplary periodic random microstructure model: (a) graphical output in MOTE3D, (b)
solid geometric model of the microstructure in Abaqus and (c) voxel mesh consisting of 70% hexahedral
elements.

Alternatively, the generated microstructure model can be exported as a periodic
hexahedral mesh, a so-called ‘voxel mesh’, as exemplarily shown in Fig. 2(c). To this
end, MOTE3D has a built-in grid-based mesh generator that sequentially discretises each
spherical particle and creates a three-dimensional, boolean array of the computational
domain €2. In this three-dimensional array, the numbers of voxel elements representing
the particles and the inter-particle space are stored separately. Both lists of element
numbers are written toa voxel mesh input script (‘Abq_voxel mesh.py’). By executing
this script in the Abaqus preprocessor, the voxel mesh is re-created by re-assigning the
element numbers to their respective positions within the discretised domain 2. First-
or second-order hexahedral elements with either reduced or full integration, i.e. Abaqus
element types C3D8R, C3D8, C3D20R or C3D20 [33], can be user-selected.

The grid-based meshing approach is applicable to geometries that are too complex
for conventional meshing with tetrahedral elements. It assures full periodicity of the
resulting mesh, rendering it suitable for the application of periodic boundary conditions
via nodal constraint equations. However, it has to be considered that the voxel mesh is
an approximation of the true particle geometry, whose accuracy is strongly dependent
on the element size, which can be manipulated by specifying the number of elements
along each edge of the domain 2. The effect of element size is discussed in Section 4.2.
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4. Applications

4.1. Querview

In this section, three examples are given to demonstrate potential applications of
MoOTE3D. The first example covers the evaluation of the effective mechanical properties
of an inhomogeneous three-phase material, i.e. a particle-reinforced composite containing
spherical voids.  The second example illustrates the modelling. of second-phase
particles in precipitation-hardened structural alloys. The third example focuses on the
implementation of an analytical sintering model in order to generate microstructure
models that resemble partially-sintered alumina particles.

4.2. Homogenization of elastic properties

4.2.1.  Microstructure modelling Many technically relevant™ materials exhibit an
inhomogeneous microstructure composed of constituents with different mechanical
properties. In order to treat components made from such materials within the
framework of continuum mechanics, the identification of the materials’ effective
mechanical properties, which are governed by wolume fraction, shape, arrangement,
interconnection and mechanical behaviour~of the constituent phases, is required.
Consequently, homogenization, i.e. the computation of the effective mechanical
properties of inhomogeneous materials, is an important aspect of materials development
and component design.

Existing analytical homogenization approaches are primarily aimed at ideally
simple microstructures and fail to account for interactions between the stress and
strain fields of adjacent inhomogeneities in materials with highly complex microstructure
[35, 36, 37]. For such materials, numerical homogenization approaches generally yield
improved estimates for the effective mechanical properties. In the following, the
evaluation of the effective elastic moduli of a three-phase composite is outlined.

In this context, MOTE3D was used to generate a generic, periodic microstructure
model representing a  three-phase composite with randomly arranged particle
reinforcements and-a matrix phase containing several small spherical voids. To capture
the size difference between particle reinforcements and voids, a list of bimodally
distributed particle diameters was created by combining two sets of normally distributed
random numbers with means 0.5 mm and 1.25 mm, respectively, and similar standard
deviation of 0.1 mm. Fig. 3(a) shows a histogram of the resulting particle diameter
distribution. The list of bimodally distributed particle diameters was imported to
MoTE3D, and a random particle arrangement with particle overlap factor ¢ = 1.25
was generated, cf. Fig. 3(b).

The particle arrangement was exported as voxel mesh, cf. Fig. 3(b), and the
discretised microstructure model of the three-phase composite was then created in the
Abaqus preprocessor: from the voxel mesh of a solid cube with 5 mm edge length, all
elements associated with particles with diameters less than 1 mm were subtracted to
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form small voids in the matrix domain. Those elements belonging to particles with
diameters greater than 1 mm, i.e. a total of 30 of the 40 randomly positioned particles,
were combined into one element set to constitute the particle reinforcement of the

composite.
25
20 f
g
o 1571
] D550 s
2 . . .
1.0 Normal or shear stress [MPa]
0.5
0
0 0.5 1.0 1.5 2.0

Particle diameter [mm]

(2) (b) ©

Figure 3: Microstructure model of a three-phase composite: (a) histogram of the bimodal particle
diameter distribution imported to MOTE3D, (b) voxel mesh of the periodic random arrangement of
particle reinforcements (light grey) and spherical voids (dark grey) and (c) deformation states (scaled by
a factor of 100) and normal and shear stress distribution for the discretised model with 60° hexahedral
elements (C3D20R) under the given strain component e, = 0.001.

In addition, the particle arrangement was exported as geometry input script and re-
created in the Abaqus preprocessor. Using boolean operations, a solid geometric model
of the three-phase composite microstructure was generated and automatically meshed

with tetrahedral elements.
The three-phase composite mierostructure model exhibits a particle volume fraction

of approximately ¢, =17.5 vol.% and a void volume fraction of ¢, = 0.5 vol.%.
Arbitrary elastic properties were assigned to the constituent phases: for the matrix
phase, Young’s modulus Fy, =10 GPa and Poisson’s ratio v, = 0.25 were selected; for
the particle reinforcement, the elastic parameters F, = 100 GPa and v, = 0.25 were

used.

4.2.2. Numerical homogenization For the linearly elastic microstructure model domain

), the constitutive equation
og=C ¢, (4)

which relates the overall stress o and strain €, has to be satisfied. In order to determine
all entries of the unknown effective elasticity tensor C, the domain Q was subjected to
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six independent deformation states, i.e. three states of uniaxial strain

ca 00 00 0 00 0
g =10 0 of, gl =10 & 0], gh=10 0 0f, (5)
000 00 0 0 0 e,
and three states of pure shear,
0 0 0 0 i 0 2c, 0
eV =10 0 lel, e'=10 0 0], el= 1, 00 0], (6)
0 1e, 0O le, 00 0.0 0

with the arbitrary strain component ¢, [38]. For each deformation state, the resulting
local stresses o (x) were computed via the finite-element method,-as shown in Fig. 3(c),
assuming periodic boundary conditions [39]. The corresponding overall stress o was
found by volume averaging the local stresses o (x) inthe domain €2,

_ 1 »
azv/a Za zp,) Vi, (7)
Q Q i=1

which was realised by computing the weighted. sum of the local stresses o (xp,) at n
discrete integration points IP;. In Eq. (7), Vi and Vip, denote the total volume of the
domain €2 and the volume associated with integration point IP;, respectively.

With the known strain and volume-averaged stress states € and o, Eq. (4) can be
solved for the effective elasticity tensor €. The effective elastic moduli can then be
obtained from the overall compliance tensor D, which, in Voigt notation, reads

1 | =8 zwes L 0
P~ 5% %

0 0 0 o%g

0

0

0 0
0 0
0 0
0 0

= 0

1

L G2 ]

for general orthotropic material behaviour. Overlines on the elastic constants denoting
effective quantities have been omitted in Eq. (8) for better readability. The direction-
dependent effective Young’s moduli Ei are related by

N
<.

(9)

( J

m”g;l
|

where v v, . denotes the effective Poisson’s ratio for transverse strain in j-direction under
axial straln acting in ¢-direction.
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4.2.3. Homogenization results Finite-element analyses of the three-phase composite
microstructure model were performed using different element types and varying numbers
of elements to study the convergence behaviour. The direction-dependent effective
Young’s moduli £, F, and E, obtained for regular voxel meshes with either first-
or second-order hexahedral elements C3D8R, C3D20R or C3D20, and for boundary-
conforming meshes with second-order tetrahedral elements C3D10, are plotted in Fig. 4.
Periodic boundary conditions were realized via nodal constraint equations for opposite
nodes of the regular voxel meshes, and by using surface-based tie constraints for the
arbitrary, boundary-conforming meshes [40].

5
o 15 }\
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% 14 %
e M 9 E |
- e
on = y #
=]
2 13}
=
2
£ ~ ~C3D8R ~~C3D8R ~ ~C3D8R
2l ==C3DI10 | | | |==C3D10 | \ s—=C3D10 | |
& + +C3D20R +-+C3D20R + +C3D20R
+ |—@Dp20 |+ & |—cp20 |+ L& |—C3D20 | =
J ey 7 ey 7 =er
0 100 200 x10° 0O 100 200 x10° 0O 100 200 xI10°

Number of elements

Figure 4: Effective Young’s moduli FZ, obtained by numerical homogenization for different element
types and various levels of mesh refinement.

The resulting effective Young’s moduli Ei are similar, indicating that the
microstructure model exhibits approximately statistically isotropic behaviour. It can be
observed that the effective Young’s moduli converge fastest for the boundary-conforming
meshes with second-order tetrahedral elements, and that coarse voxel representations
tend to overestimate the effective Young’s moduli. In the latter case, the results
are largely unaffected by the voxel element type, which is attributable to the volume
averaging of local stresses.

The plausibility of theresults can be verified by a comparison with the Voigt (upper)
bound,

EV = ;%'Ez’, (10)
and the Reuss (lower) bound on the effective Young’s modulus of a n-phase material,

(11)

[

|
I

o

Bl

Il
—_

R 3

where ¢; and E; denote the volume fraction and the Young’s modulus of the constituent
phase 7, respectively [41, 42]. While Eq. (10) yields Ev = 25.70 GPa for the Voigt bound
in the present case, due to the presence of voids with E, = 0, the Reuss bound (as well



MOTE3D toolbox for particulate microstructure modelling 12

as the lower Hashin—Shtrikman bound) is equal to zero independent of void volume
fraction [43]. However, neglecting the comparatively low volume fraction of voids in the
present example, Eq. (11) yields ER = 11.94 GPa as an estimate for the lower bound.
The computed effective Young’s moduli k. fall between the Voigt and estimated Retiss
bounds.

Generally, in the presence of voids with vanishing elastic stiffness, the Voigt and
Reuss bounds are too far apart to yield reliable results. In such cases, mumerical
homogenization of microstructure models leads to improved estimates for the effective
elastic properties of multiphase composites.

4.3. Modelling of second-phase particles in structural alloys

To increase their strength, most structural alloys are precipitation=hardened, a treatment
during which second-phase particles form. These second-phase particles hinder the
movement of dislocations and affect strain localization and formability of the alloys
[21].

This example illustrates how MOTE3D can be used to model second-phase particles.
In order to generate an unbiased random configuration of second-phase particles, no
minimum acceptable distance between adjacent particle centres was specified and any
additional translation of particle centres towards their nearest neighbour was deactivated
in MoTE3D. In addition, geometric periodicity was not accounted for, i.e. only the
particle centre coordinates and radiistored in the text files ‘Positions.txt” and ‘Radii.txt’
were used to re-create the solid geometric model of the second-phase particles. An
exemplary microstructure model of a bi-crystal section with 100 second-phase particles
is shown in Fig. 5(b). The model was generated using boolean operations. Due to the
pronounced difference in size between the second-phase particles and the crystallites,
only a small section of the bi-erystal with 2 um edge length was modelled. The mean
and standard deviation of the second-phase particles’ diameter distribution were 0.2 ym
and 0.02 ym, respectively.

The statistical properties. of the random configuration of second-phase particles
can be easily evaluated using the lists of particle centre coordinates and radii. As an
example, the distribution of nearest-neighbour inter-particle centre-to-centre distances
is plotted in Fig. 5(a):

The solid geometric model of the bi-crystal section exhibits comparatively low
complexity and can be discretized using automatic mesh generation in Abaqus. The
resulting mesh of the bi-crystal section consisting of approximately 500000 tetrahedral
elements is shown in Fig. 5(c).

4.4. Implementation of a sintering model

4.4.1. Analytical sintering model The mechanical properties of a partially-sintered,
porous ceramic body are governed by the geometry of the sintering necks between
adjacent ceramic particles [44, 45, 46, 47, 48]. Consequently, a numerical model
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Figure 5: Modelling of second-phase particles in precipitation-hardened structural alloys: (a)
distribution of nearest-neighbour inter-particle centre-to-centre distances, (b) exemplary bi-crystal
section with 100 second-phase particles and (c¢) mesh of the bi-crystal section.

intended to realistically represent the microstructure of a partially-sintered ceramic
body has to account for this essential characteristic. Microstructure models described in
literature, however, are generally based on random arrangements of spherical particles
with arbitrarily chosen overlap and irregular sintering neck geometry [23, 6]. In the
following, a novel approach is presented, which eombines an analytical sintering model
with MOTE3D to yield an improved representation of the actual contact surfaces and
distances between adjacent, partially-sintered, mono-disperse alumina particles.

In general, sintering is a highly complex process involving different mechanisms
of material transport. Various analytical models have been proposed in literature to
describe these mechanisms for a simplified two-particle configuration [49, 50, 51, 52].
This example solely focusses on volume diffusion, an important mechanism of material
transport during the initial stage of solid-state sintering of alumina, which leads to
sintering neck growth and-densification [50]. The resulting sintering neck geometry can
be replicated by properly adjusting the centre-to-centre distance of two ideally spherical
alumina particles [53]; as schematically shown in Fig. 6(a).

The dependence of the sintering neck size on sintering time is commonly described
by a power law of the form

s\ A
(5) -5 (12)
where s and r are the sintering neck radius and the particle radius, respectively, and
t denotes the sintering time. The constant A and the exponents v and w depend on
the type of diffusion process [49, 50, 51, 52]. For volume diffusion between the grain
boundary and the sintering neck region, Kingery and Berg derived a relation for A and
suggested the exponents v = 5 and w = 3 [49]. Coble adapted this relation to the
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two-particle configuration and obtained

960D,

A= TR (13)

where D, is the apparent volume diffusion coefficient, ~ is the surface energy, §° is the
vacancy volume, k is the Boltzmann constant and 7" is the absolute temperature [50].
From experiments on the shrinkage of compacts of alumina particles with mean radius
r = 0.1 um after sintering at 7' = 1573.15 K, Coble found an apparent velume diffusion
coefficient of D, =1.3-107% m?/s for vy =1 J/m? and §° = 1.4- 1072 m? [50].

4.4.2. Computation of sintering neck size The analytical sintering model can be used
to determine a time- and temperature-dependent particle overlap factor ¢. Relating the
sintering neck radius s to the particles’ centre-to-centre distance leads to the expression

c=1/1- <5>2, (14)

r

which can be solved for a given particle radius r. For mono-disperse alumina particles
with 7 = 0.1 ym sintered at 7" = 1573.15 K, the dependence of ¢ on sintering time ¢
is plotted in Fig. 6(b). To illustrate the effect of a variation in ¢, cross-sections of
exemplary microstructure models with particle overlap factors corresponding to sintering
times of t = 1 min, 10 min and 100 min are shown in Fig. 6(c). For such small particle
overlap factors, additional translation-of particle centres towards their nearest neighbour
minimises the occurrence of ‘loose’ particles within the model domain.

! 1.0
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Sintering temperature 7= 1300 °C
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Figure 6: Implementation of a sintering model for partially-sintered alumina: (a) geometry of two-
particle model, (b) dependence of the particle overlap factor ¢ on sintering time ¢t and (c) exemplary

microstructure models of partially-sintered alumina particles (r = 0.1 ym) with particle overlap factors
corresponding to sintering times of ¢ = 1 min, 10 min and 100 min at 1300 °C.

It is pointed out that the described approach is not intended to simulate the
sintering process in detail, but to replicate the geometry of (partially-)sintered particles.
It can also be applied to poly-disperse particle distributions if the differences in particle
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sizes are not too large. In this case, an equivalent average radius can be computed for
each particle pair [54, 55].

5. Summary

In the present paper, the implementation and functionality of MOTE3D, an open-
source toolbox for modelling periodic random particulate microstructures, have been
described. The random configurations of overlapping or non-overlapping spherical
particles generated by MOTE3D can be used to represent the microstructure of various
engineering materials, as demonstrated by several examples.

The random configurations of particles generated by MOTE3D can be exported
as Python-based scripts, which are readable by the Abaqus preprocessor. Thus, either
solid geometric models or periodic voxel meshes of the microstructures can be directly
re-created in Abaqus for numerical simulations. Alternatively, the random particle
configurations can be stored as lists containing the coordinates and radii of the particles,
which can serve as input for molecular dynamics or-discrete element simulations.

MOTE3D is open-source and licensed under the GNU General Public License [56],
giving users the possibility to easily modify, adapt or extend the code to suit specific
needs.
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